INTRODUCTION
The signal-to-noise penalty of air or gas-coupled ultrasonics has so far limited its application principally to feasibility demonstration experiments and qualitative assessments of material condition [1] [2] [3] . In most cases to date, use of air-coupled ultrasound to estimate material properties has been performed by observing the phase-matched transmitted signal amplitude and correlating this occurrence with the plate wavespeed. While this approach has approximate validity, other experimental conditions, including geometry and frequency, as we have shown [4] , can significantly alter the estimate of material properties made only on the basis of phase-matched amplitude extrema. In addition, since the acoustic impedance mismatch is so large in air-coupled measurements, material damping plays a greatly enhanced role in determining the nature of the transmitted or reflected field.
In this paper we will illustrate the use of air-coupled ultrasonics to make accurate quantitative measurements of material properties in a variety of materials and material combinations and show that it is especially well suited to the characterization of composites. The theoretical calculation leading to an accurate expression for the voltage in a two-transducer measurement is discussed in an accompanying paper [5] . The expression for the receiver voltage derived there will form the basis of our reduction and analysis of the experimental data. Finally, we describe one attractive method to obtain an optimal estimate of the material properties, and we use these tools to characterize homogeneous plates and both homogeneous and heterogeneous laminates. We show how this method can be made to yield sensitive characterization of both real and imaginary parts of the material stiffnesses. 
INVERSION METHOD
The result of the analysis in [5] in the geometry of Fig. 1 
where T( 8') depends both on the plate material properties and on the vertical distance between transducers. We have
In the above equation, the "numerical distance" Spj between jth complex pole Opj and saddle point [6] , is expressed as S;j = iK.zo(cos(J' -cosOpj). The term Res{T(Opj)} is the residue of the transmission coefficient at the jth pole, and the function w in Eq (2) is related to the complementary error function erfc and is given in [7] by w(spj) = exp( -s;j)erfc( -ispj ).
Data inversion to obtain a set of estimated parameters, such that some measure of difference between the model calculation using this estimated parameter set and the measured data is minimized, is carried out using the conjugate gradient inversion algorithm [8J. Material stiffnesses are manipulated to minimize the customary sum of the squared error (SSE) £ between the measurement and the model. This error is defined as numerically. The error £( > 0) is minimized in a one-dimensional space defined by the gradient g, ie, a parameter f3 is found such that Yn +1 defined by (4) minimizes £ in the direction g. This process is repeated until convergence is achieved, determined by the difference between 1'( B, I; Yn +1 ) and the processed data.
Information useful in deducing the viscoelastic stiffnesses is contained both in the positions of the peaks and in the relative amplitudes among different modes. The real parts of the material stiffnesses affect the positions of the peaks, whereas, the imaginary parts influence the relative amplitudes among the modes and the peak widths. Each of these influences is nearly independent of the other for small imaginary parts and small variations of either one. Inversion starts from an initial assumption that only the real parts of unknown parameters need to be varied in order to infer the mode locations in angle. Once the real parts of the unknown stiffnesses are optimized, then the imaginary parts are varied. As stated earlier, the synthesized transmission function 1'( ) and the transmission coefficient T( ) are nearly equal. In fact, in general, the position of the peaks is the same in both functions, and they differ only in amplitudes. As a result, it is computationally more efficient to use the transmission coefficient to obtain the real parts of the elastic stiffnesses. At a later point, the more accurate model 1'( ) must be used to obtain imaginary parts.
An important issue in any inversion problem is the question of completeness of the data in order to obtain a unique solution. The problem of establishing this condition is a very difficult and well-known one, and it has not been solved in general. However, for most cases of practical interest, it is sufficient to verify that the data include measurements which have a significant dependence on all the elements of the parameter set which are to be reconstructed. Otherwise, clearly those parameters upon which no measurements depend can not be accurately estimated. To demonstrate the sensitivity of property inversion using our measurement method, we have carried out several tests. In Fig. 3( a) we show the sum of the square error £ as a function of variation in real velocities near the optimal value. By inspection it is clear that our data is most sensitive to the shear velocity. This is easily understood, since most of the transmitted energy through Plexiglas is at angles beyond the longitudinal critical angle in Plexiglas. In this case the Lamb waves will consist primarily of transverse partial waves with evanescent longitudinal displacements near the plate surfaces. Of course, the out-of-plane longitudinal stiffness could also be obtained by normal incidence acoustic resonance. Figure 3(b) shows the sensitivity to variations in the viscoelastic stiffnesses ~(Vl*) and ~(V;*) for the Plexiglas plate. In this case, there is virtually no sensitivity to the longitudinal material loss, while there is very good sensitivity to the shear wave material damping factor. This example demonstrates that air-coupled transmitted leaky Lamb waves can be used to obtain accurate estimates of viscoelastic stiffnesses of an isotropic plate.
RESULTS AND DISCUSSION
The method can be extended to viscoelastic material characterization of multilayer and/or anisotropic plates through the substitution of a suitably generalized transmission coefficient in Eq (2). In the following we present results on layered composites: a nine-layer aramid-aluminum (ARALL) plate and a single-layer uniaxial graphite-epoxy plate. The aluminum-aramid composite plate consists of five layers of aluminum alternating with four layers of aramid-epoxy [5] . Measurements are performed with the incident plane normal to the fiber direction. The experimentally obtained transmission function T( ), denoted by the solid curve in Fig. 4 , is compared to the inversion calculation, in the dashed curve_ Very good agreement is observed between the transmission curve derived from the inversion and the experimental data. The sharply defined features in the calculated transmission function near a = 3.5 0 are not reproduced in the data, since the data are collected in a limited transducer scan range. This limitation leads to a smoothing of rapid variations in the transmission function, particularly at low angles.
Since the material properties for the aramid layers are not as well known as those of the aluminum layer, as the first step, the material properties of the aluminum layer are fixed at nominal values for Al 2024 and only the material properties for the aramid layer are allowed to vary. To obtain the theoretical curve, the thicknesses of the layers are independently measured using a traveling microscope. In this example, only the shear and longitudinal velocities and damping factors of the aramid layers are estimated from the measurements. To reveal the sensitivity of t.he processed data at this frequency to the aramid material properties, the shear velocity of the aramid-epoxy has been varied by only 3%. As shown in Fig. 5 , the position of the peaks at higher angles are shifted considerably with respect to the experimental curve. Certainly, this level of disparity is easily detected in an iterative inversion scheme, such as the one outlined in Section III. The implication is that our method can be made to yield rather accurate elastic property estimates from air-coupled 11leaSUrements.
As a last example, Fig. 6 shows the estimated transmission function for a uniaxial graphite-epoxy plate, where again the incident plane is normal to the fiber direction. to theory (dotted curve) using optimized material property parameters for a uniaxial graphite-epoxy plate at 1.1 MHz for sound propagation normal to the fiber direction.
C44=4.45 GPa. Although the ambient noise level is somewhat higher in this case, t.he sensitivity of the method to property variations is still significant. Figure 7 shows the effect of a 5% variation ill both C22 and C44 , but C23 = Cn -2C44 constant in both cases. Again, despite the increased noise floor, the substantial displacement of the Ao peak near 15° and the shift and amplitude change of the So mode near 8° indicates the high degree of sensitivity of our method to small material property variations.
SUMMARY
We have introduced and described an ultrasonic technique exploiting air-coupled ultrasound to estimate viscoelastic material properties of plates. The ultrasonic spatial spectrum of a plate is obtained experimentally by synthesizing a wide-angle focused transducer aperture, achieved through hybrid coherent and incoherent summation of voltages measured in transducer scans collected for many angular orientations. The key to the accuracy of this method is the ability to account separately in the theoretical calculation for the extrinsic experimental geometry effects and the intrinsic material properties, whether these two contributions to the experimental signal are explicitly separated-as we have done approximately here-or not. Then, so long as all experimental dimensions and angles are accurately determined, they can be effectively removed from consideration in t.he inversion process, leaving only the viscoelastic stiffnesses to influence the calculated signal. 
